Histomorphologic, histochemical, and atomic absorption analysis studies were performed on liver tissue from 623 clinically normal purebred and mixed-breed dogs to assess the range of hepatic copper concentrations, the histologic distribution of copper, and the histomorphologic changes associated with the various copper concentrations that were found. Atomic absorption analysis revealed a continuous numerical spectrum ranging from less than 100 parts per million on a dry weight basis (ppm dw) to more than 2,000. No decisive numerical criterion was found that could be used to separate normal from abnormal copper concentrations because of this continuous array. The threshold for histochemical demonstration of copper-containing granules using rhodanine or rubeanic acid staining was 400 ppm dw. At this concentration the copper-containing granules were located in the centrilobular hepatocytes (zone 3 of Rappaport). Copper-containing granules were found in the midzonal and periportal hepatocytes (zones 2 and 1 of Rappaport) in livers with 1,000 ppm dw and higher copper concentrations. The majority of the 623 livers were normal histomorphologically. Multifocal hepatitis characterized by mixed inflammatory cell accumulation and centrilobular distribution was found to be associated with copper concentrations in the range of 2,000 ppm dw or higher. An appropriate upper limit for normal hepatic copper concentration in the dog was not determined based on the present study.
Histochemical, histomorphologic, and atomic absorption analysis data on the Bedlington Terrier have revealed that hepatitis and cirrhosis can be caused by copper accumulation as a result of an inherited metabolic error in hepatic copper excreti~n.~,~J 1~1 5 , 2 4 Increasing level of copper is age related, and older dogs suffer from hepatitis or cirrhosis when the copper concentration reaches values in excess of 2,000 parts per million on a dry weight basis (ppm d~) .~~ Data have been presented showing that copper concentrations as high as 3,500 ppm dw occur in liver tissue from West Highland White
The evidence is less conclusive, however, that this breed suffers from any liver damage due to the excess copper. Some West Highland White Terriers in the above reportz3 had cirrhosis; but, the copper concentration in the cirrhotic livers was very modest by comparison with the cirrhotic livers from Bedlington Terriers with inherited copper toxicosis. An age-related, progressive copper accumulation was not found among the West Highland White Terriers.
With the exception of copper toxicosis in Bedlington Terriers, the role of excess copper in the causation of liver disease or exacerbation of preexisting canine liver disease is not clear. In part, the controversy regarding the role of excess copper is based on the concept that the normal dog population (regardless of breed) has a mean copper concentration of 200 ppm dw, with an upper limit of 400 ppm ~w .~,~J~,~~,~~ A hepatic copper concentration greater than 400 ppm dw is generally considered a b n~r m a l .~~~~~J~,~~,~~ The published data that have been used to establish the normal canine hepatic copper concentration were derived largely from two populations of dogs: Bedlington Terriers and mixed-The initial work describing inherited copper toxicosis included 90 Bedlington These were divided into two groups by the results of atomic absorption analysis of liver samples. Twenty-two of the Bedlington Terriers had a hepatic copper concentration less than 360 ppm dw. These 22 were separated by a large numerical gap from the other 68 that had hepatic copper concentrations greater than 850 ppm dw. Hepatic copper concentrations of 15 mixed-breed dogs served as the control population. The mean hepatic copper concentration for the 15 mixed-breed dogs (1 90 -t 56 ppm dw) was statistically indistinguishable from that of the 22 Bedlington Terriers (206 k 56 ppm dw) with the hepatic copper concentrations less than 360 ppm dw. The investigators concluded that the Bedlington Terriers could be divided into normal (i.e., less than 360 ppm dw) and abnormal (i.e., greater than 860 ppm dw) based on hepatic copper concentrations.
Other 
Materials and Methods
Histologic examination, histochemical staining, and atomic absorption analysis were all performed on liver tissue from 623 dogs representing 619 purebred dogs of 28 breeds and four mixed-breed dogs, ranging in age from 1 month to 17 years. Included among the 623 were liver specimens from 395 West Highland White Terriers and 149 Bedlington Terriers. All of the dogs included in this report were clinically healthy according to the owners and veterinarians. The majority of biopsies were collected because a dog related to a dog in our study died with cirrhosis or chronic hepatitis, or a related dog was found that had a liver copper concentration greater than 400 parts per million on a dry weight basis (ppm dw). Specimens from the older dogs were commonly necropsy specimens collected at the time of either death or euthanasia resulting from miscellaneous illnesses. It is evident that the population of dogs that forms the basis of this report is biased. As a random control population, therefore, liver tissue was collected from 37 dogs regardless of breed, age, OT cause of death at the Veterinary Medical Diagnostic Laboratory, Columbia, Missouri.
Necropsy or wedge biopsy specimens of liver tissue were received from veterinary practitioners in the United States and Canada. All specimens that were received had been fixed in formalin. For all specimens, a portion was examined by light microscopy to assess histomorphologic changes and the copper distribution. A portion was analyzed by atomic absorption analysis to determine the copper concentration. We have previously demonstrated the suitability of formalinfixed liver tissue for accurate copper determination. 17 Specimens were processed and embedded in paraffin immediately after they were received at the laboratory as prolonged fixation in formalin, particularly acidic formalin, reduces or obliterates the intensity of histochemical staining using rhodanine or rubeanic acid." Liver specimens were sectioned at 6 pm and stained with hematoxylin and eosin. Duplicate sections from all blocks were stained with a rapid (microwave) technique for demonstration of copper-containing granules using 5-p-dimethylaminobenzylidine rhodanine. A stock solution of rhodanine was prepared by dissolving 0.02 grams of 5-p-dimethylaminobenzylidine rhodanine in 100 ml of absolute ethyl alcohol. A working solution was made by diluting 4 ml of the stock in 40 ml of distilled water. Paraffin sections were rehydrated, placed in plastic coplin jars, and covered with the rhodanine working solution. The coplin jar was heated in a microwave oven (Radarange from Amana, Lipshaw Corp., Detroit, MI) for 40 seconds on power 9 (585 watts). The coplin jar was then removed from the oven and the slides were allowed to remain in the hot solution for an additional 2 minutes. The tissue sections were rinsed in several changes of distilled water. The sections were counterstained in Harris' hematoxylin for 10 seconds, washed in tap water, and then blued in dilute ammonia water. The tissue sections were then dehydrated and mounted in Richard-Allen Mounting Media (Richard-Allen, Richland, MI). The liver from a 3-year-old Bedlington Terrier with a copper concentration of 6,740 ppm dw was used as control tissue.
In addition to routine hematoxylin and eosin, a dual staining technique was used to study the foci of hepatitis. Sections were stained for 72 hours with rubeanic acid.17 Following the final rinse in 100% ethyl alcohol, the sections were stained to demonstrate iron by the method o f G~m o r i .~ Sections were then counterstained with nuclear fast red, dehydrated, and mounted.
Hepatic copper concentrations were determined from dry ashed formalin-fixed liver samples by atomic absorption spectroscopy.17 Specimens ofliver 0.5 cm or less in diameter were dried to a constant weight at 100 C (24 hours) then weighted and ashed in a muffle furnace at 450 C. The ash was dissolved in 1 .O N HCl and analyzed on a Perkin Elmer model 360 atomic absorption spectrophotometer (Perkin Elmer Co., Nonvolk, CT). Spiked samples were run concurrently. Spike recoveries varied from 87% to 120%. All results are expressed as ppm dw.
Statistical analyses were performed according to standard methods (see Results).1.12.13 Sample sizes were generally small and the data were extremely skewed; therefore, nonparametric procedures were used.1.12.13
Results
Rarely could copper-containing granules be demonstrated in liver tissue with a copper concentration of less than 400 parts per million on a dry weight basis (ppm dw). A few scattered granules could be found when the hepatic copper concentration was in the range of 400 ppm dw. There was a strong correlation between the number of copper-containing granules demonstrated histochemically and the copper concentration as determined by atomic absorption analysis, as reported p r e v i o u~l y .~,~~,~~ The most accurate histochemical estimation of the hepatic copper concentration could be obtained when the actual concentration was between 400 and 1,000 ppm dw. When the copper concentration exceeded 1,000 ppm dw, the granules were so numerous it was difficult if not impossible to visually distinguish between livers that had, for example, 1,500 and 2,000 ppm dw.
When the copper concentration exceeded 400 ppm dw, the copper-containing granules could be found in the centrilobular hepatocytes (zone 3 of Rappaport).
As the copper concentration (atomic absorption analysis) increased from 400 ppm dw, an increasing number of hepatocytes contained copper-positive granules in the cytoplasm. In those specimens with copper concentrations between 600 and 900 ppm dw, numerous copper-containing granules were found in the cytoplasm of the centrilobular and midzonal hepatocytes (zones 2 and 3 of Rappaport). Copper-containing granules were found in the cytoplasm of hepatocytes in all lobular zones in specimens with concentrations of 1,000 ppm dw or higher.
Hepatitis was the only histomorphologic change found in any of the 623 specimens. Two histomorphologic types were found: iron granulomas and mixedcell foci. The iron granulomas were composed entirely of phagocyte-type cells ( Fig. 1 ). Cell numbers ranged from three to ten. The cells were moderately sized, fusiform to round, and each had an eccentric round or oval nucleus. The nucleus contained abundant euchromatin as commonly found in active phagocytic cells. The cytoplasm contained various-sized, goldenpigmented granules containing iron only, no copper. These foci varied in number, but three to four per hepatic lobule were the most encountered. The foci were randomly distributed in the lobule. No absolute correlation with hepatic copper concentration was found, although these granulomas tended to be more numerous in the livers with the higher copper concentrations.
Mixed-cell foci (Fig. 2) were distinguished by zonal distribution, mixed-cell population, and copper-containing, as well as iron-containing, granules in the cytoplasm of the phagocytic cells. These foci were most commonly found surrounding the terminal hepatic vein (centrilobular vein). These foci commonly contained ten or more cells. The most numerous cell type was the phagocytic cell, as described previously. In addition, neutrophils, lymphocytes, plasma cells, and, occasionally, degenerating or necrotic hepatocytes com- prised the foci (Fig. 2 ). The cytoplasmic granules in the phagocytic cells contained both iron and copper. Mixed-cell foci were rarely found in the liver with less than 2,000 ppm dw, and no such foci were found in a liver with a copper concentration less than 1,300 ppm dw. Commonly, liver specimens with copper concentrations in the range of 2,000 ppm dw contained one or two mixed-cell foci in the majority of the hepatic lobules. As the copper concentration increased above 2,000 ppm dw, the number of mixed-cell foci tended to increase, and in the liver with 6,800 ppm dw the mixed-cell foci had coalesced to form zones of inflammation encircling the terminal hepatic veins. In some liver samples with copper concentrations greater than 2,000 ppm dw, both iron granulomas and mixed-cell foci were found. The iron granulomas were randomly distributed, while the mixed-cell foci had a centrilobular distribution, among the hepatocytes with the heaviest copper burden.
Thirty-seven canine liver specimens collected at random served as the control population. Dogs ranged in age from 1 month to 14 years. Liver specimens from 5 mixed-breed and 32 purebred dogs were analyzed. The mean hepatic copper concentration was 156 k 1 19 ppm dw (mean k standard deviation), with a range of 38-650 ppm dw. Figure 3 is the frequency distribution of hepatic copper concentrations among 395 West Highland White Terriers. The most frequently occurring values fall between 100 and 800 ppm dw. Figure 3 demonstrates a continuous spectrum of hepatic copper concentrations.
As can be seen from Fig. 3 , there is not a specific numerical value that could be used objectively as a criterion to separate normal and abnormal. Table 1 lists hepatic copper concentrations for 20 Bedlington Terriers I year old or older. These dogs were selected from among the Bedlington Terriers in our files because currently published investigations support an idea that by 1 year of age, a Bedlington Terrier can unequivocally be identified as affected (homozygous recessive) or unaffected (homozygous normal or a heter~zygote).~,~~ The affected dog has a liver copper concentration greater than 1,000 ppm dw by 1 year of age.5,24 This value progressively increases with age. 24 The unaffected Bedlington Terrier has a liver copper concentration of less than 400 ppm dw at 1 year of age. Although fewer data are available from our files on Bedlington Terriers than our files on West Highland White Terriers, the data (Table I) show a continuous numerical spectrum in the range of 400 ppm dw. The data in Table 1 are independent of age. As with the West Highland White Temers (Fig. 3) , there does not appear to be an objective numerical criterion for separation of affected and unaffected Bedlington Terriers on the basis of hepatic copper concentration.
There was no statistically significant correlation between age and hepatic copper concentration for the 395 West Highland White Terriers (Table 2) , except for the group less than 6 months of age. The value for the mean hepatic copper concentration was signifi- Bars represent the number of dogs with a copper concentration between 0 to 99, 100 to 199, etc., parts per million on a dry weight basis. few to draw any conclusions regarding correlation between copper concentration and age (Table 3) . Table 3 lists hepatic copper concentrations for 76 purebred dogs and four mixed-breed dogs. The livers from the Doberman Pinscher with 1,500 ppm dw, the Keeshond with 2,400 ppm dw, and the Siberian Husky with 2,100 ppm dw contained mixed-cell foci, while all other dogs had histologically normal livers.
The mean hepatic copper concentrations for Doberman Pinschers, Cocker Spaniels, and Keeshonds were significantly different from the previously used, normal, canine hepatic copper concentration mean of 200 ppm dw. The Wilcoxon Signed Ranks test gave the corresponding P values of 0.001, 0.009, and 0.016.
The means were 413, 365, and 893 ppm dw, respectively. All pure and mixed breeds listed in Table 3 were grouped and tested to see if the hepatic copper concentration for this select dog population differed from the mean of 200 ppm dw. The Wilcoxon Signed Ranks test gave a significant P value of 0.0001 (mean 461 ppm dw).
Discussion
The dogs listed in Fig. 3 and Tables 1 and 3 represent biased populations. The majority of the individuals among the 395 West Highland White Temers and the 80 dogs in Table 3 had liver biopsies performed because of a related dog that died due to liver disease or was found to have a hepatic copper concentration greater than 400 ppm dw. Observations (mean f standard deviation) Range less than 6 months 0 years 6 months to 1 year 5 months 1 year 6 months to 2 years 5 months 2 years 6 months to 3 years 5 months 3 years 6 months to 4 years 5 months 4 years 6 months to 5 years 5 months 5 years 6 months to 6 years 5 months 6 years 6 months to 7 years 5 months 7 years 6 months to 8 years 5 months 8 years 5 months to 9 years 5 months 9 years 6 months to 10 years 5 months 10 years 5 months to 1 1 years 5 months 11 years 6 months to 12 years 5 months 12 years 6 months to 13 years 5 months 13 years 6 months to 14 years 5 months 14 years 6 months to 15 years 5 months 15 years 5 months to 16 years 5 months 16 years 6 months to 17 years Regardless of this bias, Fig. 3 lists data unique to the West Highland White Terrier. No other animal has been found to have the continuous array of hepatic copper concentrations with such a wide range (less than 100 to greater than 3,500 ppm dw) as displayed in Fig.  1 ; moreover, the data in Fig. 1 point out that it would be arbitrary and subjective to designate 400 ppm dw as the upper limit of normal for hepatic copper concentration among West Highland White Terriers.
Pedigrees were available for 2 19 of the West Highland White Terriers comprising Fig. 1 . The higher copper concentrations tended to occur in families; however, the continuous array of hepatic copper concentrations without a decisive, objective upper limit to distinguish normal from abnormal makes it difficult to use these data for genetic studies. In light of this, a quantitative genetic analysis appears to be the most appropriate method for genetic studies based on currently available data.
The data in Table 3 indicate that there may be other breeds of dogs with a wide range of hepatic copper concentrations, similar to that found among the West Highland White Terriers. Table 3 points out that there are individual dogs of several breeds with hepatic copper concentrations greater than 400 ppm dw. These individuals were clinically normal according to the owners and veterinarians, and rarely does the liver have histomorphologic changes. None of the dogs listed in Table 3 had two biopsies. It is not known whether any of the dogs of these breeds continues to accumulate copper with age.
The mean hepatic copper concentration for the 37 control dogs (1 56 ppm dw) is not significantly different from that of control dogs previously studied in this 1aborato1-y.~~ The mean is in the range of 200 ppm dw, which is the value used by other investigators as normal canine hepatic copper concentration. The fact that this random population had a mean copper concen-tration significantly different from (lower than) that of the West Highland White Terriers ( A hepatic copper concentration in excess of 2,000 ppm dw is associated with hepatitis and cirrhosis in dogs. 16,23, 24 The histomorphologic studies included in this report confirm that mixed-cell foci characteristically are found when the hepatic copper concentration reaches the range of 2,000 ppm dw. The mixed-cell foci have a centrilobular distribution and are composed of necrotic hepatocytes, lymphocytes, plasma cells, and neutrophils, as well as numerous copperladen macrophages. These morphologic observations indicate that the minimal hepatotoxic copper concentration for dogs can be defined as that level of hepatic copper that results in overt morphologic hepatic alterations (ie., mixed-cell foci).
We did not find a significant statistical correlation between age and hepatic copper concentration among the 395 West Highland White Terriers. The interpretation can be made that West Highland White Terriers do not progressively accumulate copper with age. One obvious exception is the following data: a 2-yearold, male West Highland White Terrier had a liver biopsy in May, 1986, because a related dog had been found with a hepatic copper concentration in excess of 400 ppm dw. The dog's alanine transferase was in the normal range at the time of biopsy. The liver tissue had a copper concentration of 1,200 ppm dw. On histologic examination, the liver had a normal morphologic appearance. No mixed-cell foci were found. Twenty-six months later the dog became ill with vomiting and abdominal pain. The alanine transferase was found to be elevated on three separate biochemical profiles during the course of a month. A liver biopsy was performed. The liver biopsy had numerous mixedcell foci surrounding the terminal hepatic vein in all lobules. The copper concentration was 3,000 ppm dw. This West Highland White Terrier did progressively accumulate copper with age.
With the facts presently available, only a very superficial interpretation of hepatic copper concentration can be given for any particular dog. The hepatic copper concentration, when correlated with age, can be used to estimate the likelihood of a dog developing liver damage. When the copper concentration is less than 2,000 ppm dw, the older the dog and the wider the gap between respective value and 2,000 ppm dw, the better the prognosis.
Our data predict that future investigators will find a wide range of hepatic copper concentrations in dogs suffering a variety of liver diseases. Copper is normally excreted via the bile. Theoretically, interference with bile flow could result in copper accumulation in the dog as has been suggested. 3.6 No published literature has demonstrated that dogs accumulate copper as a result of cholestasis. In this regard, dogs have been compared to human patients with cholestasis and usually to patients with primary biliary cirrhosis, a disease that does not occur in dogs. The usual hepatic copper concentration for human beings is 10-50 ppm dw.I4 It is only after years of disease progression that the hepatic copper concentration in human patients with primary biliary cirrhosis or extrahepatic obstruction reaches values as high as 500 to 700 ppm dw.I4 Dogs with cirrhosis or biliary obstruction rarely live more than a few months after diagnosis. Based on such information, these human models do not seem appropriate for canine diseases.
A more direct comparison can be made between human patients with cirrhosis and canine cirrhosis. Copper concentrations only as high as 250 ppm dw have been found in human cirrhotic patients.14 These values are invariably associated with prolonged (weeks) chole~tasis;'~ but, here again, dogs with cirrhosis rarely live more than a very few weeks once icterus develops. The canine species may suffer copper accumulation due to cholestatic liver disease. Currently, there is no objective evidence that this phenomenon occurs. Our data clearly substantiate that a wide range of copper concentrations (as high as 6,800 ppm dw) occur in clinically normal dogs of various breeds without icterus and without predisposing chronic liver disease.
